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By James W. UseUer and John H. Sovolny 

An investigation of conibined compressor coolarrt; injection a d  tail- 
pipe burning as a means of turbojet-engine thrust augmentation w a 6  con- 
duoted a t  sea-level, zero r a m  condition8 on a 4000 pound th rus t ,  axial- 
flaw-type  turbojet engine. Water - alcohol   inject ion flow6 f r a m  2 t o  
'5 p o d s  per second were introduced into the compresear in  oonjunctlon ' 

with ta i l -pipe  burner . fue1-air   ra t ios  from 0.017 t o   s t o i c h i m e t r i c .  

The maxfmum augmented -t;hrust r a t i o  obtained during the Fnvestigation 
w a s  1.70,which resulted from a canbination of nearly  stoichiometric fuel- 
air r a t i o  in t he  t a i l - p i p  burner and 2.0 pounds per s e c d  compressor 
inject ion a t  the engine inlet. Achievement of greater  augmentat'ion by 
combination inject ion rates greater  than 2 pounds 'per second with high 

* fue l - a i r   r a t io s  in the  tai l-pipe burner was precluded  by  inefficient 
and unstable combustion .!n the tail-pipe  burner.  Tail-pipe burner 
conibmtion  temperatures and efficiencies  decreased with the  addi t ion 
of alcohol and water vapor f r o m  the compressor coolant  injection. The 
mugmented  thruet loss due t o  the, c d i n e d  augmentation  system cclmponents 
was approximately 1 to lz percent of the  thrust .  1 

INTRCDUCTION 

The succeseful w e  of coolant  injection into the  compressor ELnd 
tail-pipe  burning as independent methods of augmsntlng- the performance 
of the turbojet  engFne logical ly  suggests. the c-bined application of 
these methods to obtain even greater aue;nren%ation.  The large amount 
of additional thrust that may be anticipated f r o m  the combined a-n- 
t a t i o n  system would result in improvement of the  take-off' and climb 
character is t ics  o f  current atrplanes and w o u l d .  be. useful in increasing 
the acceleration of high-speed aircraft during transonic operation. 

The analytical Investigation  presented i n  reference 1 comiders 
the combined. operation of compressor coolant  Fnjection and ta i l -pipe 
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burning, and indicates  that  in ccanbimtion  the  individual m e t h d  of 
aupentat ion au@plsnt each, other; that is, the resultant  increase  in 
engine perPormance is,approximately equal t o   t he  product of the aug- 
mented thrust ratios  obtainable  wit4 each sptean. In order t o   de t e r -  
mine axperimsntally t h e  magnitude of' the available.  augmntatioq a d  t o  
s tudy  the-pract ical   l imitat iom of the cambined a u w t a t i o n  system, 
an i n h s t i g a t i o n  w m  conductedat the NACA Lewis laboratory  during 1950 
on a 4000-pouad tbruet,  axial-f  law-type  -turbojet engine operating  at  
sea-level, zero ram conditione. 

The l n t r d u c t i o n  of the coolant at the engine i n l e t  was used f o r  
. moderate injected f l&  rates and ccnqpresior interstage  injecticm af the . 

coolant was added f o r  lii& rates  of coolant  injection  (in  excess of 
3 lbe/sec o r  a coolant-air   ratio of 0.05). Independent ta i l -p ipe  burner 
perfci-ce . w a r s  investigated for a range of f uel-air   ra t ios  frm apprax- 
Fmately 0.017 to  stoichiometrio. The investigation of the combined- 
augnentstion  system-included a range of campressor  FnJection flow ra tes  
from 2 t o  5 pounds per second f o r  each of several ta i l -pipe burner fuel- 
a i r  ratios .up t o  either  stoichiometric o r  the comBustion s t a b i l i t y  .limit. 
The thrust augmntmon and accompmying liquid-conamption  remlte are 
presented in addition to .the calculated t a i l - p i p e  burner gas temperatures 
and cambustion eff ic iencies  obtained during the investigat-ion. 

Engine. - The investigation 'W&B conducted on an early  production 
mdel axial-flow-type  twbojet  engine with a nominal mili tary  ra t ing 
of 4000 pounds of thrurst.with a rotor  speed oe7700 rpm, and a turbine. 
discharge gas temperature of 1200° F at sea-level and z e r o  ram 
conditiorvs. The engin&has an i l-8tage axial-flow ca@ressor, 8 . 
cylindrical  combustion chambers, and a single-stage  turbine. Addi- 
t iona l  ompres.sor balance a i r  a& bearing  cooling air  wae p.rovided frm 
an outside  aource  to. augment the air bl& fram the ccanpressar (detailed 
description in reference 2)  t o  prevent  contamination of the  lubrication 
system by the  injected water - alcohol mixture and t o  insure against 
failme of the bearings. .. 

. . .  . .  . . .  

. .. . . ". .. . . . .  - .. 

Engfns installation. - A schematic diwam of the engine  installa- 
tion ie shown i n  figure 1. The engine waa momted on a swinging frapls. 
swpended  framthe  ceiling of the t e s t  chamber. The engine t a i l  pipe 
extended through a .dfaphrag-type  e lot  in the rear wall   in to s sound 
m u f f  l ing  dm?iber,- i n  -which the  pressure WaB approximately  atmospheric. 
The engine tbrust waa balanced and memured by a- null-type air-pressure 
d iaphrap .  The p e a t =  poYjion of the  engine combustion air  was ducted 
from the atmosphere into t h e  a i r - t igh t   t ea t  chamber a d  measured by a 
26-inoh diameter, long-radiw. ASMF: nozzle. The bearing  cooling air waa 
diacharged  from  the  engine  into .the t e s t "ce l l . a f t e r   fu l f i l . l i ng  its 
function and. was metered by an ASME f la t -p la te   o r i f ice .  

. " 

. .  - 



Coolant inject ion systems. - The compressor  coolant  injection was - accomplished by i n l e t  and interetage  injection of a water - alcohol 
m k t u r e .  The inlet- inject ion syatem  cansisted of 34 conventional 
atomizing  nozzles  installed i n  a ring at the  engine  inlet .  The 
interatage-injection  system used in this  inveetigation wm ident ical  
t o  the  "single-stage"  system  described in reference 2, and consisted 
of twenty  0.045-inch  diameter  interatage nozzles i n s t a l l ed   i n  the sixth 
stage of the compressor wed i n  conjunction with the   in le t   in jec t ion  
nozzles. _..- 

Tail-pipe  burner. - The ta i l -pipe burner configuration w e d  i n  this 
investigation w-aa based on the  design  variables  fomd t o  be desirable 
for opt bum operation rn reported in reference  3. A schematic diagram 
sharing the general physical  arrangement of the  engine a d  ta i l -pipe 
burner is presented in f igure 2 .  The standard  21-inch  diameter t a i l  
pipe w m .  replaced by a 29- inch  diameter t a i l  pipe t ha t  was approximately 

72 inches long. The t a i l  pipe WBB comectsd t o  the  engine by means of 
a 36-inch  long  dtffuber  section of 1 to'  1.4 mea  ra t io ,  embodying a 
conetaslt r a t e  of area change with length. The damstream end of the 
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dufuser   inner  cone terminated i n  a %-inch  diameter  blunted  eection 
that served 88 a flame sea t  dur ing operation of t h e  t a i l -p ipe  burner. 
There -re 1 2  fuel-spray bars capable of being Frnmersed t o  various 
depths  across  the annul- ins ta l led  12  inches  upstream of the   d i f fuser  
dischaxge. The basic  fuel-spray b a  deeign  designated a8 arrangement A 
I s  shown in   f igure  2.  Ayrasgement B provided that the  innermet  pair 
of or i f ices  be  enlarged t o  0.060 inches i n  diameter snd t h a t  a  0.060-inch 
diameter  hole be added t o  the spray-bar t i p .  The ta i l -p ipe  burner 
ignition  systemwas of the  hot  streak  type  (reference  4), which u t i l i zed  
an additional fuel nozzle  installed midway along one of the  primerry bom- 
bustion, chambem . 

Two flame holders,  designated flame holdera A and B, were med 
during the invest  igation . Each flame holder waa bm t a l l ed  approx- 
Fmately 26 inches dawnstream of t h e - f u e l  spray bass. Flame holder A 
( f i g .   3 ( a ) )  WBB a. two-ring,  corrugated,  V-gutter type tha t  blocked 
31 percent of the ta i l -p ipe  burner cross-sectional m a .  Flame holder B 
( f ig .  3(b))  wa8 a  two-ring,  plain  V-gutter  type  that  blocked 36 percent 
of the  tall-pipe  burner  area. 

A ser ies  of f ixed-area  conical  e&auat  nozzles ranging i n   e x i t  
diameter f r o m  18.75 t o  2 5  .O.O inches were wed during most of the  inves - 
t iga t ion .  For the  nonburning rum and for the combination runs during 
which the water - alcohol mixture W&B only indected at the  engine  inlet, 
a variable-area  cl-hell-type  nozzle was wed.  

Fuels and coolant  mixture. - Fuel conforming to   spec i f ica t ion  
MIL-F-5624 waa burned in   t he  engine prSmary combustor, and fuel 



conforming t o  e-pecifigation "F-5616 was burned i n  the  ta i l -pipe 
burner. A water - alcohol mixture containing 30 percent by volume of 
alcohol was injected  into  the ccanpressor. The alcohol w a s  a blend, of 
50 percent etlzyl a d  50 percent  methyl alcohol by voluaie. The water 
was obtained f r m t h e  dommtic supply. 

Instrumentation. - The locations of--the Ltmtrumentation for tern- 
perature and pressure measurement &e given in  figure 2. The  tern- 
'pomtures  recorded, and the nmber, ty-pe, and locat ion of themnocouples 
were 8s fwllow a: 

(a) T o w  temperature at-engine inlet ( s ta t ion  1) TI: average 
of 20 Individually recorded thermocouples, 5 in each of 4 rakes 900 
apart at  the inlet cowling. 

(b) Gas temperature a t  turbine discharge  (station 5) T5: average 
of 16 unshielded strut-type thermocouples equally spaced around one-lzitlf 
the circumference o f . t h e  di.ff'user section and located  approximately 
4 inches downetreaan of  the  turbine discharge. * 

(c)  temperature at ta i l -pipe b m e r  w e t  (statton '6) ~ 6 :  
average of 8 unshlelded strut-type therinocouplee equally spaced around 
the circumference  of the tail-pipe burner. Them thermocouples were 
instal led only d u r a  run.& f o r  which the ta i l -pipe burner was inoperative. 

The pressures measured arrd the number, ty-pe, and locat ion-of  pres- 
BUIW tubes were as follows: 

(a) ~ o t a l  and s t a t i c  preskmre at  the enghe m e t  ( s ta t ion  1) were 
assumed equal t o  t e a t - c e l l   s t a t i c  presmre that was measured &a the  
average of twa s t a t i c   t u b e s . I n  a quieecent zone of the t e s t   c e l l .  

(b) S t a t i c  pressure-.at exhau&-nozzle discharge  (station 7) p7: 
two etatic-pressure probes madfolded and Fns taUed  in  the sound-muffling -. . ..- 

chamber in the plane- of' the exJmust-.nozele. - 

These and a l l  sjrllibols. used in- th i s   repor t  are given in appendix A .  

PROCEDURE 

'phe augmented performance presented herein was determined a t  sea- 
level, zero r a m  c d i t i o m  wi th  an average engine-inlet  temperature 
of.800 F, a constant engine speed of.7610 rpm, and a constant indicated ' 

turbine-diecharge gas temperatwe of 1200O-F. The range of t e s t -  can- 
dit iona capered, the  exhaust-nozzle diameter, the  fuel-spray-bar design 

. -  
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ebnd immersion depth  across  the &-inch diffuser annulus (designated as 
2 

the distance *om the w a l l  of the diffuser immr cone t o   t h e   t i p  of the 
spray bar),  and the par t icular  flame-holder  design  wed during the 
augmentation  rune are presented in  the   fo l lming   tab le :  

-~ 

Range of 
ta i l -pipe 

burner fuel-  
air r a t i o s  

0.017 - 0.020 
-019 - .024 
.024 - .036 
-039 - .059 
,038 - .067 
.058 
.065 
.067 
-035 .- .064 

Range of 
compressor 

inject ion flow 
rates 

(lb/sec) 
0, 2.96 - 4.97 
0, 2.95 - 5.04 
0, 2.99 - 5.11 
0, 2.92 - 4.01 
,o, 2.93 

Exhawt- 

depth f r o m  (in.) 
design Inmersion diameter 
holder b w  design  nozzle 
Fkm- Fuel-spray- 

cone , ( in .  ) 
18.75 A 1/2 B 
19.50 A 1/2 B 
20.25 

B '1 21.00 
B B 314 

. B B 1 3/8 22.50 
B B 1 1/4 22.06 
B B 1 21.75 
B B 3/4 21.00 
A 

variable B . .  B 3/4 

The ta i l -pipe  burner   fuel-air   d is t r ibut ion was varied by ad justment 
of the immersion depth of the fuel-spray bars across  the  diffuser 
ann~iLus & by using one of the two spray-bar desi-. Maintemace  of 
the proper fuel-air distribution W ~ B  c r i t l c a l  i n  a t ta in ing   s tab le  com- 
bustion in the tail-pipe  burner. Tke woblems  encountered due t o   t h i s  
i n s t ab i l i t y  will be discussea in a later section of t h i s  report .  

For all combination rune a: premixed coolant of water and alcohol 
waa injected into the compressor. For the rum during which water - 
alcohol mixture was injscted at  both the In le t  a d  the  s3xth stage of 
the calmpressor, the flow was eve- divided between the etatione. All 
the  c&Ination runs except  those with M e t  injection alone were con- 
ducted  with  the  series of fixed-area  exhaust  nozzles. For each  exhaust- 
nozzle s i z e  the Fnjected flow was s e t  at value8  within the rmge given 
in the   table  and at  each injected. flow, the tail-pipe  burner fuel flow 
was s e t  at  a value  giving a turb-ine-discharge-gB  taperature of 
12000 F. The combination rum with inlet Fnjection were conducted w i t l i  
a vmiable-area  exhaust  nozzle and at  a c . ~ n ~ t a n t  i n j ec ted  flaw of 
2 powds per.second. The use of the  vmiable-area  exhaust  nozzle  for 
the complete- t e s t  pro&& would have  been  desirable  because it would 
have expedited the testing,  but  unfortunately it was not made available 
un t i l .   t he   l a t e r  phase -of  the progngn. For the runs during which the 
variable-area  exhaust.nozzle was u e d ,  several  tail-pipe  burner fuel 
flows were established; and at each.fuel flaw, the variable-area nozzle 
was closed until  the  limiting  turbine-dischesge  .temperature of 12000 F 
was reached. 

- 
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A series of normal , perfarmance FWS was made t o  provide a basts 
of comparison of the augmented engine with the u n a ~ n t e d . '  For these 
runs the standarrd 21-inch  diameter t a i l  pipe waH used, The thrust  
losses due t o  the .tail-pipe burner flame holder and fuel-spray bars 
d u r i n g  un&ugaented. operation with the 2E"inch diameter t a i l  pip.e were 

detemnined with a. continuously  variable-area  exhaust  nozzle. 

. . .- 

3 N 
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For the  type  of.' en@* investigated i t i a  good practic-e  to masure 
the indicated  turbine-diecharge. gas. temperature at  a s t a t ion  i n  the t a i l  
pipe where .the gag b e c p  weU:mixed a+ the temperature gradients 
are snaall. When operating  without  tail-pipe  burning,  station 6 ade- 
q u a t e l y  fulf i l led this requirement and was used. During operation with . 

tail-pipe  burning,  station 5 was selected  for.  the  turbine-discharge 
temperature measurementg since no s ta t ion  dmm.tr0am of the fuel-spray 
bars  could be wed bedauae- of-the danger of either r a w  fue l  impinging 
or flame seating on the  thermocwp1es.- Tmsmuch as s t a t ion  5 is located 
i n  a region of steeE and shif'ting temperature gradients it was necessary 
t o  determine a temperature  calibration of a ta t ion  5 agai%t  the tern- 
peratures a t  s ta t ion  6 for.  both oanrpresaor coolant  injection & non- 
inject ion runs. This cali'tjration was then used during  the  cdmbination 
r u m  Ln settimg We .desirqd turbine-dischgqp-gagas temperature. " 

" 

.. . 

F 

.. 

. .  

Engine Performance " 

In the  following  discmaion a conrparison is made of the augmentation . . - 
of turbojet-m-gine  perfomance by compressm. coolant  injection, tail- 
pipe.burnFng, and by their combined application. Primary consideration 
has been given to   t he  attainment of m3x3mma thrust augmentation,  although 
the  l iquid requFrements necessary to  achieve the augmentation a r e  
presented. h the -coqse .of t h e .  investigation  several f.undamental cam- 
bustion problems-.were encouritered & &e dis.cussed i n  &&ail. . .  

.~ 

.. - 
- 

. .  

Augmented engine perfomnancs. - The experimentally determin-ed per- 
formance .of an axial-flow-type  turbojet  engine  utilizing the campressor- .- 

inject ion system, the tail-pipe burning  system, and the cambined- 
au@nentation system .is prssented in  figure 4. Augmented th rus t   rg t io  
( r a t io  of augmented thrust-to normal-performance th rus t )  i B  presented 
as a.funct ion of augmented l iqu id   r a t io  (augmenMd. total  l iquid con- 
sumption t o  n o m 1  f u e l  flow). The normnal performance data used i n  
determining the a-nted ger9organce were obtained from the standard. 
engine configuration  exclusive  of.the tail-pipe burner or. campressor- 
injectJon components. . . .  . .  

. ..- 

. ,  

The augmented gerformance  produced by use of the campressor-injection P 

system shown in  figure 4 is based on the data presented In reference 2. 
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The absence  of a variable-area &must nozzle during the initial  phase 
of  this  investigation  precluded Mependent investigation of the 
compressor-injection  system,  but  the  data  campared  here  were  obtained 
on a ~ F m i l a ~  model engine  equipped  wi-th &z1 identical  campressor-injection 
configuration. The compressor-injection  system operating with an engine- 
inlet air temperature  of 80° F produced an aue;msnted  thrust  ratio  of 
1.22 with an augmented  liquid  ratio  of approximately 7. The nature of 
this c m e  is  such  that  additional  thrust  aughentation Fe attainable only 
at  the  expense  of ,peat9 increased  Fnjected  flow. 

The performance  of  the  +il-pipe burner. system ahawn was obtained 
with a series  of -exhaust no-, each making operation 
possible  at  limiting  turbine-discharge  temperature  with a different 
tail-plpe  burner  fuel-air  ratio: A maxjmum augmented  thrust  ratio 
of 1.51 was obtained at BtoFchiometric fuel-air ratio and an augmented 
liquid  ratio  of 3.96. . This p e r f m c e  favorably  approaches  the  .ideal 
perfomnanoe  predicted in reference 1; that  is, an augmented  thrust 
ratioa-og 1.55 is  theoretically  predicted for an augmented  liquid  ratio - of 4.00 and stoichiometric  cazdbuetion. 

The augmented perfamaace obtained  by  the w e  of the  conibined- - augmentation  system  is  shown far coolant-injection  rates  of 2, 3, 4, 
a,& 5 pouods per  second.  The  curves  obtained  have  been  extrapolated 
to  the augnenhtion obtainable  with  compressor  coolant Wection 
independent of tail-pipe burning -so that each c m e  represents a range 
of' tail-pipe  burner  fuel-air  ratios from zero tothe memUm obtainable 
with  the  combination. The maxFmum augmented  thrust  ratio  obtained d m -  
ing  this  investigation  was 1.70 with a fuel-air  ratio  of 0.064 in the 
tail-pipe  burner and a compressor-injection  rate of 2 pounds per Becod 
giving a combined aupented liquid  ratio of 5.6. The maximum auguentation 
obtaiqable  with  campressor  coolant  injection  decreased with an increase 
of injection  rate because-of the greater  susceptibility  to  unstable and 
inefficient  combustian  with  increased  concentration of water and alcohol 
in the  tail  pipe.  Combustion  Instability  increased  with  injection flow 
rate  thereby  limiting  operation  of t h e  combination-augmentation  system 
to  slightly  lower  fuel-air  ratioe as the  ccmpressor.injection flow rate 
was increased. A discussion of the  probable causes and  effects of cam- 
buetion imtability is  included in a later section. 

For emall requirements of thrust  augmentation  the  campressor- 
injection  system would be  desirable due to its  simplic.ity as opposed  to 
the more complex  tail-pipe burning system. For applications  requiring 
moderate  amounts of thrust  augmentation, augmented t-t ratios up to 
approximately 1.5, the  greatest  economy  of  liquid  consumption  for a 
given.amount of augmentation  is  attainab&e  with  the  tail-pipe  burning 
system. Ih order to  obtain  augmented  thrmst  ratios in excess of 1.5 
it  is  necessary  to resort  to  the  combined-augmentation  system.  Although 
the maximum augwntation obtained durbg this investigation  was  limited 
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t o  70 percent,  this-system  appears t o  have potent ia l i t i ee  of reaching 
still hlgher amounts o f  augmentation  provided collibustion inefficiency 
& ina tab i l i ty  can be overcam a t  high  injected flow ra tes .  

" "  . . I -  

A o F  the augmented performance obtained with  each of the 
t h ree   system^ of augmentation is presented. in f igure  5. The l o c w  of 
the experimental. limits gbtained. by combining various compressor 
injected  flow^ with  tail-pipe burning is shown fo r  the  combined- 

. .. 

augmentation system. The l o c w  of the pointa of maximum augmented thrwt 
ratio  predicted by a"bheoretical  analysis is shown i n  order to   indicate  
the l eve l  of augment8tion that may be anticipated from t h i s  system. The : 
theoret lcalmaximm curve was determined by considering  the  tail-pipe 
burning.system as operating i~ Feries  with  the  pqnprgssor-inJection . 

system f o r  several compressor-injection flow rates.. It is noted that  
the  cambwtion  stabil i ty limit curve, which represents  the  greatest  
augmentation  obtained w i t &  app-imately  stoichiametrdc  fuel-air  ratio 
and with  each  compressor-injection flow ra te ,  is less than that illdiuated 
by the   theore t ica l .maxlm~  except - for  the condition of 2 PO&S p r  
second of campressor injection.  This  condition  included  the minFmum~ 
amount of water - alcohol  injection  investigated gm.d nearly stoichio- 
metric  fuel-air   -ratio  in  thb.tail-pJpe  burner.  With increased  injected 
flaw rates and therefore  increased  dugmnted  liquid ra- exper-. 
imental maxim~1~1 curve deviates mare markedly from the   - theore t ica l ly  
.predicted p e r f o m m e  because of decreasing combustion efficiency and 
poorer stabil i ty  with  increasing  injected flow. From them conaid- 
erationa  the  current  applicatiom of the conibined,-augmentation system 
to   t u rbo je t  engines ,and tail-pipe burrrere of- this   design should appar- 
ent" be l imited  to  -low compressor-injection  rates until the combustion 
problew have been. ovftrccgs. .. .. 

. .  
. .  

. " 

Tail-pige.burner coldbustion performanue. - The tail-pipe  burner 
combustion eff ic iencies  and temperatures  encountered  during  independent 
operation and in cgmbination with.coqresear ccrolant inject ion are pre- 
sented in figure 6. The ta i l -pipe b.urller cabua t ion  .temperature and 
.efficienuy were calculated from measured valued of thrus t ,  WBB flow, 
and es5must-nozzle exit area with. the unb-d  alcohol present in the . 
tai l-pipe b-wner considered as. equivalent  fuel. The tail-pipe burner 
fue l - a i r   r a t io  was based on the unburned alr ,  that is, the air that w a s  
available f'or oombuation in the  tai l-pipe burner. The combustion 
efficiency was ccanputed as a r a t i o  of' the  actual  enthalpy rise acrosa 
the combustor to the   heat   inputof .  the fuel. a n d .  w.as based on the cal- 
culated combuat-lon temperature .. The a L o h b L t h i t  remained unb&ed 
after the prFmary combustion process wa:s considered to   bmn   in   t he  tail- 
pipe burner and was reduced to  an  equivalent fuel for the purposes of-. 
the  calculation.. If the  alcohol  input  to  the  tai l-pipe burner was . 

considered  negligible in  the combustion calculations, combustion efficiency 
values  appoxlgately 25 percent greater .than tho.se shown would have been 
obtained. A detailed  explanation of the method of calculation is . 
included In -  appendix .B. 

" . " . 
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Considering the effeck of fue l -a i r   ra t io   cmthe   ta i l -p ipe  burner 

of the ta i l -pipe burner. the combustion temperature. increased linearly 
- temperature  (fig.  6(a)), it w i l l  be noted.that for independent  operation 

\ * . with f u e l - a i r   r a t i o   t o  a value of 0.04 a b o v e b v c h  .the rate of increase 
N of combustion temperature  with  fuel-a* r a t i o  beqams l e s s .  A maximum 
N combuetion temperature of about 3800° R was obta-rited at stoichiometric 

fuel-air   ra t io .  When the lowest  chpressor-injection flow . ra te  
(2 lb/sec) was used. in  combination with the ta i l -pipe burner, a com- 
bustion  temperature of a p p r o x a t e l y  36400 R was obtained with a fuel- 
air r a t i o  of 0.059. 

, 

The combustion-temperature data shown do not  include data f o r  all 
the fuel-air   zatioa  investigated in combination with the compressor- 
inject ion rate of 2 pounds per second. The run during which maxFmum 
augmentation w a s  achieved  included a ta i l -pipe burner fue l - a i r   r a t io  
of 0.064. Sufficient data were not  obtained t o  compute the cambustion 
temperature a3ld efficiency for this condition. When increased  quantities 
of water -. alcohol mixture (3 t o  5 lb/sec) were used i n  conibination with - ta i l -ptpe burning, the maximm combustion  temperature  obtainable was 
considerably less. The m a x l m ~ m  temperature  obtaimble with the cam- 
bination of 5 pounds per second. Fnjection aml tail-pipe  burning was. 
approxlmately 6700 less than that-achieved with independent  operation 
of the tai l -pipe burner a t  *e same fue l -a i r   ra t io .  The salient 
decrease in combustion temperature w i t h  in ject ion flow rates greater 
than 2 pounds per second resulted from signif icant  changes in the com- 
posit ion and properties of the products of  combustion and also *om a 
reduction of the combustion efficiency  with  the  presence of large 
quantities. of alcohol and w a t e r  vapor. 

For independent  operation of the ta i l -pipe burner the combustion 
efficiency-reached a mxlrmrm. value at a fue l - a i r   r a t io  of apwox- 
imately 0.04 a s  may be seen in f igure 6(b). The peak combustion 
efficiency is shown t o  exceed ideal efficiency and may be a t t r ibu ted  
to   t he  assumptions made in the method of calculation. Although the 
magnitudes are questionable, the  relative  values.  of eff lc iency are 
s ignif icant   for  comparative purposes. 

The conibustion efficienciee  calculated for operation of the 
combined-augme.ritation Bystem decrease  with an increase of compressor- 
in jec t ion  rate &-are .as m u c h  as 35 percent lower (5 lbs/sec compressor 
injection)  than those calculated  for  Mependent  operation of the tail- 

,p ipe  burner. The decrease of  combustion efficiency  probably results 
framthe m l u e n c e  of @e water vapor on the conibktion  process. It 
has been foimd that the  velocity of-fiams "propagation i n  a fue l - a i r  

the  exact  nature of this setardlng  act ion is  not known, an Qy-pothesis 
has been advanced that- it is the r e s u l t  of dissipat ion of the high energy 

- rnfxture is substantially reduced by the  addition of water  vapor.  Although 
1 

- of OH radicals  and newly fomnsd water  molecules  through  collision  with 
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the normal water molecules. In "this manner, the concentration o f  the 
active energy car r ie rs  i s  reduced a.nd.bohsequently, the chemical  reac- 
t i o n  aadl propgat ion of  t he  fleane is slowed down. This phenomenon 
becomes increasingly  important with. greater concentratfon of water 
molecules. A detailed  explaqation of the process.may be found i n   r e f e r -  
eace 5. Generalizing, it has been found that increasing  the compressor- 
coolant-injection  rate  decreases  both.the  combuetion.efficiency and the 
ccadbust;ion temperature of the process. . . 

Thmzet loeeee. - The loss in norm~bl perforrmanoe due t o  t h e  
compress~-interst~e-injeotion system was d e m t r a t e d  i n  reference 2 
t o  be negligible for.  the *gIngle-stage"  compressor-injection  system k e d  
i n  this investigation. -The decrease in thrust at . t r ibutable   to  the tail- 
pipe  burner fl& holder a d  fuel-spray bars is shawnfn figure 7(a)  
where corrected thrust is presented as a function of corrected engine 
Bpeed. The perfommace' shown in figure 7(a)  was determFned with the 
tail-pipe-burnbr tail pipe that .was larger in diameter  than t h e  standard 
engine tail pipe. The . d a t a .  . for each cme..were  obtained with a c.onstant 
errhaust-nozzle area  that was set for each ser ies  t o  give  rated ta l l -p ipe -  
gas  t8mperature a t  rated  engine- speed. The lose during unsu@;msnted 
operation due t o  .the presence of the 36 percent  blocked-mea flame 
holder, the Larger of the two flame holders used, and the fuel-spray 
cmponents was approximately I t o  1, percent of the tbust;-- A p lo t  of 1 

2 
the c o r r e ~ t e a  tail-pipe gas temperature .obtained during the thrust-loss 
detemnination is shown in figure 7(b) to   substant ia te   the constancy of 
the turbine-discharge-gas  temperature  throughout'this phase of the  
investigation. . 

Operational  CJmzacteristics 

Operation of- both the tail-pipe  burner system and the ccanbined- 
augmentation  system $n the  region of stoichiamstric  fuel-a*  ratio was 
characterized by cambustion in s t ab i l i t y  that took the form of high- 
frequency  vibration. T h i s  vibration usually resulted in deetruction 
of the flaw holder or other componsnts .of the  tail-pipe  burner and 
necessitated Increasing the strength of the   var iow parts of the burner 
so much that the resu l tan t  component weighte became Fmpractical for 
aircraft application. Area8 where welding had concentrated stresses 
were particularly  vulnerable. I 

Measuremente of the f'requenby of the  sodc   v ib ra t ions   i n  the engfne 
muffler revealed that a range of frequencies *om 3500 t o  5000 cycles 
per second' were encountered with occasional peaks at 6000 cycles per 
second. The -vibratioas  experbnced  probably are a composite of. the. 
vibratlona of various  integral  paxts ad aiis.emblie.8. s ~ o u n d i n g  .tu. tail- 
pipe burner- and those.  caused by oscillatory combustion. The combustion 
vibrations could result *am oscillations  created by ina tab i l i ty  of the 

N cs 
4 
bP 

." 

I 
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combufltion between localfzed  regions. of over-rich and combustible- fuel-  

a l te rna te ly  capable an3  incapable of supporting  cmbustian, a form of 
oscillation is  established.  This hypothesis is supported by the   f ac t  
that the conibustion Fnstabil l ty is c r i t i c a l  a t  high fuel-alr r a t i o s  
where proper mixing of t h e   f u e l  and air beccnnss increasingly  important. 
Further  substantiation is offered  by  the  fact  that the high-frequency 
vibration was elim.inated during independent  opePation of the   ta i l -pipe 
burner d was eliminated under conditione with the combined- 
augmentation  system when the fuel-air d is t r ibu t ion   to   the  burner was 
varied.  This  variation was acccenplished in  two ways: (1) by moving 
the fuel-spray bars in and out   radial ly   acrom  the  diffuser ,  and (2) ' o y  
changing f rog  one design of spray bar to another, With an increase in 
the  tail-pipe  burner fuel-air r a t i o  .it was f o h  that combustion ~ t a -  
b i l i t y  w a s  improved by moving the Bpray bars outward, thus  concentrating 

w a s  a maximum. To provide fuel i n  the a i r ' s t r e m  near the  diffuser  
inner cone, the type-B spray bar, w i t h  provision for increased  fuel 

. afr mixtyres. Because these  regione a r e  dJmamic and therefore axe 

, more f u e l  where the gas stream velocity and available combustion air  

- flow from the end of the  spray bax, was wed. 

Although it was possible   to  eliminate the  canlustion  Fnstability 
during-independent  operation  of  the  tai l-pipe  burner,   this  el lmination 
w a s  not always possible with the use of the combined-augmentation  system 
at high ta i l -pipe  bTner , fuel-akr   ra t ios .  The presence of the unburned 
alcohol  fromthe compressor coolant-  injection caused a ;poorer d i s t r ibu t ion  
of the combustible material a d  air  than was present during tai l-pipe 
burning alone.' In addition,  the  reduction of the veloci ty  of flame 
propagation due to  the  influence of the water vapor  caused the poor ' 
d i s t r ibu t ion   t o  be even more c r i t i c a l ,  and it was poss ib le  to   e l iminate  
the   ins tab i l i ty  0- at the lmest rate of water - alcohol  Fnjection. 

Although the  current  investigation of  the  cmbined-augmentation 
system was limited by  combustion ins tab i l i ty ,  the range of operation of 
future  applications might be extended by providing optinnun d is t r ibu t ion  
of t h e   c d u s t i b l e  materlal in  the ta i l -pipe burner and available cam- . 
bwt ion  air through  proper design of the  tail-pipe  burner components. 

A compazison of the flame holder  design3 used during the inves- 
t igation  indicated,  in  general, that more stable  combustion at  stoichio- 
metric  conditions was experienced w i t h  larger blocked-area flame holders. 
Although the ta i l -pipe burner alone was operable with an 18 percent 
blocked-area flama holder, a 30 percent or  greater blocked-area flame 
holder was required when the combined-augmentation system was wed. 

I 

CONCLUDINI;: REMARfB 

The maximum augmented thrust r a t i o  obtained  during  the  investigat? Jn 
.of the me of cdmbined compressor coolant  Fnjection and tai l -pipe burning 
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was 1.70, which resulted frm a combination of a f u e l - a l r   r a t i o  of 
0.064 in  the tail-pipe  burner and 2.0 pourds per second  canpressor 
coolant  injection a t  the en&$tne inlet. Achievement. of greater aug- 
mentation by combination of compressor oodlant  injection rate8 in 
excess of 2 po&s per second, with high fuel-afr  ratios in the tail- 
pipe burner nse’precluded by ineff ic ient  and unstable cclmbuetion i n  t b  
tai l -pipe bizmsr-. The loss i n  unaqperilmd-thmst due t o  the compressor- 
inters tage  lnject ias  syetem, and the  tail-pipe-burner fuel-spray bars 
and flame holder waB approximately.1 td-2 percent of the thrust. 

2 

The combustion h a t a b i l i t y  encounterad was oha??acterized by high- 
frequency  vibrations tbt uamlly resulted in destruction of the cofn- 
ponents af the -hil-pipe  burner. Cambustion instabil i ty  increased with 
inject ion flow rate limiting operation  of. the combined-au@ptantation 
system to Blightly lower mel-air ratios with higher campressor coolant , 
inject ion flow rates, In addftion, the tai l -pipe burnar combustion 
tenperatme a& efficiencies  decreased with. d d i t i o n  ofi-alcohol and 
water  vapor in the compressor. The Mluence  of the water vapor became 
inoreasingly  important with the greater concentrations of water vapor 
accompnying increased Fnjection flow rat-. *en though the magnitude 
of the augmentation  achieved during this   invest igat ion by the combined- 
avgmantation.system was considerable, it appears logical that even .. 

greater .amounts ofhwgmentation  can be made apailable by improvement of 
combustion in %he pesence of compressor coolant injection. 

Lewis Flight Propulsion Laboratory 

Cleveland ; Ohio 
National Ad?ieoe C ~ . f t t e e  for Aero&utios 
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A 

C P 

F 

f/a 

g 

H 

h, 

hc ,alc 

hc,f 

h, 

J 

m 

P 

P 

R 

T 

Wa 

exhaust-nozzle exit area, f t 2  

(Hco2 - H02)/12.01 

specif ic  heat.at constant  pressure,  Btu/(lt,)(?F) 

measured thrust,, lb 

f uel-air  ratio 

acceleration of gravity,  ft/sec2 

molal enthalpy, Btu/ ( lb  -mole 

enthalpy of air ,  Bty/lb 

heating value of aLcohol, Btu/lb 

. "" 
. .  

. . . .. . - . . " . 

heating value. of primaxy fuel,  Btu/lb 

enthalpy of water, Btu/lb 

Joules constant, 778 ft-lbi/Btu 

hydrogen-carbon r a t i o  of f u e l  by welght 

total:  pressure,  lb/f't2 

s ta t ic   pressure,   lb / f t2  

@;as constant, ft/OR 

t o t a l  temperature, OR 

Jet  velocity,   f t /sec 

weight of a i r  flow, lb/sec 

wale weight of alcohol flow, lb/SeC 
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6 

Yqlected  flow . .  to  . . canpresaor, . .  Ww + Wac, lb/sec 

weight- .of water flow, -lb/sec 

r a t i o  of specific heats 

compre.seor inlet absolute total .peesure - 

p1/2116j dmolute   s ta t ic   pressure of IIACA etandard  atmosphere 
.. 

at sea level 

e .1 compressor inlet absolute  total  temperature 
TJ518.4j absolute s t a t i o  tempergture of. W C A  s w  atmos- 

. 
phere at  sea level - .. 

qalc alcohol cambuation . . . . . . . . . effsctiveneea . . . .  . .  . . . . . -. . . 

% combustion efficiency af ta i l -pipe burner 

Subscripts : 

5 turb ine - discharge 

6 tail-pipe  .burner. inlet 

7 exhaust.  discharge 

I 
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Tail-pipe burner c&ustion  temperature. - The tail-pipe  burner 
canbustion temperature w a s  computed as a function of measured thrust, 
the   t o t a l  mass- flow-  through  the engine and ta i l -pipe burner, and a 
calculated  ra t io  of static to  t o t a l  pressure a t  the tail-pipe burner 
ou t l e t ,  The calculated combuetion temperature  equation has been derived 
from the thlS1Elt equation 

AsEnuning complete expamion of the exhaust J e t  and conaidering the 
. f a c t  that only subsonic flow w a s  encountered a t  the  exhaust-nozzle  exit 
dur ing  this investigation, the combustion-temperature  equation is of the 
following form 

Far t h e  calculations when tail-pipe burning alone was used, the values 
of y and cp for the products of cabus t ion  were determined a t  the 
estimated  colnbustion  temperature and precombustion mixture fuel-air 
r a t io .  The gas  constant R was determined frm the following 
relat ionship 

R = J cp (1 - 2) (33 1 
Y 

The calculatton of the cambustion temperatures for the c d i n e d -  
a m e n t a t i o n  system  performance necessitated including  the  influence of 
the water vapor. f r o m  the cdpressor   coolant   inject ion on the values 
of y and R med. i n  the computations. The value of R for water 
vapor is only slightly  influenced.by  temperature a z d  has been assumed 
conatant a t  a value of 85.7, The values of y for the water vapor were 
determined f r o m  the empirical ,  equation  (reference  6), 

I 

7 = 19.86 + 7500 -f l 
T7 

@4) . 



16 NACA RM E53El6 

The t o t a l  presgure a t  the- ta i l -y ipe  burner ou t l e t  P7 w a B  not 
measurable so  that .tbe . r a t i o  of t o t a l  t o .  s t a t i c  pressure at  the exhaust 
discharge (statdon 7)  was calculated from 

- 
.. . . * . .. 

I\: 
tL 
4 c 

7 - 
y-1 

(B5 1 

which assumes that the   s t a t i c  preflsure a t  the e&aust-nozzle  discharge 
( s t a t ion  7 )  is equal t o  tb- stat ic   pressure in  the exhaust muffler. The 
exhaust-nozzle v e l a i t y  and diecharge  coefficients were not-determined 
i n  this investigation and have been aseumsd a s  ideal for gurpoees -of 
calculation. 

- ." 
. .  . . " . - .... . - . .  . .   . .  . . .  . 

Tail-pipe  burner combustion. efficiency. - !!?he tai l-pipe burner 
- 

combustian efficiency was compuj;ed as a r a t i o  of the  actual  enthalpy 
-. 

r i se  across. the combustcrc (baaed an the  cqlculated  combwtion tem- 
peratur.e.) t o   t he  heat input of the We1 coluirmaed. .Ideal combustion of 
the engine fuel was assumed t o  .take p@.oe In the p r m y  combuetof. 
To prov.ide..aa estinbate . & _ . t h e  alpoh01 that burned . in  the primary com- 
bustor an alcohol-dombustion-eff~ctiveness factor  was a-eveloped and 1s 

. . -  
. .  

. . -  
- .  

- 

. -  

presented i n   f i g u r e . 8  as.& f q t i o n  of t& wZrected water - alcohol 
mixture flow r a t e  for .the 70 - 30 percent water - aloohol  mixture. The 
alcohol-.combustion ..effeqtivenese. waa. der.iyed.  fran,.the  c,omideration of 
a heat  balance  acroas the primary engine combuet.or and included the 
following  assymptiog: .&) The- enthalpy riae .t@oUgh +.he primary com- 
bustion chamber i 8  a conatant for each i d e c t i o n .  flm- rate, and (b) The 
combustion efficiency of the primary fuel remained unchanged. The values 
of the alcohol-combustion-effeptiveness f m t o r  have bean reduced  from 
experiment+ d a t a  End a r e  limited t o  the par t icular   .engw-cmb.Ft ion-  
chamber configuration  investigated. The ccrmbwtion efficienciee of the 
ta i l -pipe burner were determFned by use of the following equation-of.  
the  enthalpy r ise  acroBe the c6mbuatar.d-ivided by the heat inputs of 
the  fuels and w w  based on the  diecussion of.c-cnnbustion efficiency 
calculation as presented in refkrence 7. 

. .. 

. .. 

. .  

- -. 
. .. 

. . .. .. . 
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In the  determination of the fuel-air   ratios-  the  alcohol  present waa 
reduced t o  an equivalent standard fuel through  consideration of the 
equ3valence r a t i o s  of the  alcohol and ta i l -pipe-burner   fuel .  
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Figure 4.- -:Turbojet-engine perforubsnce with compressor coolant  injec- 
tian, tail-pipe burning, aid combined tail-pipe burning and corqpressor 
coolant  injection  at  sea-level, zero aonditionai engine epeea 

idet  temperature 800 F. . 

7610 rpm, turbine-diecharge gaa temperature U0Oo F, average engine- 
. .  

" 
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Compressor inlect ion rate 
(70-30 water - alcohol mixture) 

2 
3 
4 
5 

I (lb/sec) 

h 
V 

3 

(a)   mil-pipe burner combustion temperature. 

Tail-pipe  burner  fuel-air  ratio, (f/a), 

(b)  Tail-pipe  burner combustion efficiency. 

Figure 6. - Combustion performance of tail-ptpe burner  during independent operation and 
i n  combination  wjth  compressor  coolant  injection; burner irilet temperature lzo00 F, 
sea-level, zero ram c6ndf+ions. 
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A Plain t a i l  pipe  (25.75-in.  diameter) 
0 36-percent  blocked-area flame holder.. 

36-percqt  blccked-area  flame holder 
and fuel-spray  bars 

3000 

2 600 
. .  

2 20'0 

1800 

(a) Corrected  thruat. 

Figure 7. - Effect of ta i l -p ipe  burper components on turbojet-  
engine normal performance with  &-inch diameter tail pipe and 
variable-area  exhaus'mozzle. 
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Figure 8. - Alcohol-combustion effectiveness as a f’unction of corrected 
m t e r  - - a l c o ~ l  mixture injection f l o w  ra te .  Mixture of 70-percent water ani 
30-percent alcohol by volume. A l c o h o l  blend of =-percent et-1 a& 
50-percent methanol. 
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